Muramyl dipeptide (MDP), a part of bacterial cell wall peptidoglycans, was active as adjuvant and stimulated the reticuloendothelial system (RES) of mice to increase its phagocytic function. A series of analogs of MDP was tested for their adjuvant activity and RES-stimulating activity. Sex differences were observed in the adjuvant activity and RES-stimulating capacity of some MDP analogs. A stereochemically highly specific structure required for MDP to exert adjuvant activity was also required for its RES-stimulating activity. Based on this close correlation among the structure, adjuvant activity, and RES-stimulating capacity of MDP, we infer that macrophages may play an important role in the expression of adjuvant activity of MDP.
Potent bacterial adjuvants, such as tubercle bacilli, Corynebacterium parvum, or their products, were found to stimulate the phagocytic capacity of the macrophage or the reticuloendothelial system (RES) (6, 9, 13, 27, 28, 34) . However, the mechanism of their adjuvant activity is still not clear, and the exact relationship between the activation of macrophage phagocytic function and adjuvant activity has not yet been established. This is partly because these bacteria are composed of many complex substances of different biological activities; the use of chemically pure bacterial components with adjuvant activity should be advantageous.
A muramyl dipeptide portion (MDP; N-acetylmuramyl-L-alanyl-D-isoglutamine) is a minimal structure required for the adjuvant activity of bacterial cell wall peptidoglycans (10, 19) . Though synthetic MDP was found to possess a variety of biological activities such as adjuvant activity (2, 10, 19, 31) , mitogenicity (29) , pyrogenicity (20) , and capacity of increasing resistance to infections (8) , MDP itself is a simple substance with a definite chemical structure. Our preliminary data showed that MDP stimulated the phagocytic capacity of the RES of mice (30) , inhibited the migration of peritoneal macrophages from normal guinea pigs in the apparent absence of lymphocytes (35) , and evoked epithelioid granulomas in rats and guinea pigs (11) .
In the present study we confirmed and extended our earlier findings (30) , using a synthetic MDP sample together with a series of its analogs, active or inactive as adjuvant; we found that the same stereochemically highly specific structure was required for MDP to exert its RES-stimulating capacity as well as adjuvant activity.
MATERLALS AND Preparation of MDP and its analogs. MDP and its analogs were synthesized as described previously (17, 18, 21) .
Assay for adjuvant activity. Mice were injected into the left hind footpad with 0.025 ml of saline or phosphate-buffered saline of pH 7.2 (PBS) containing 100 ,ug of hen egg albumin (Sigma), with or without various amounts of MDP or its analogs. Twenty-two days later, 0.025-ml samples of PBS containing 100 Ag of hen egg albumin were injected as booster into the same injection sites. At 4 and 8 days after the booster injection, 0.03-ml blood samples were withdrawn from the retro-orbital venous plexus for the measurement of antibody titer. The antibody titer was measured by passive hemagglutination using rabbit erythrocytes according to the carbodiimide method (15) and expressed as log2 serum dilution, the initial dilution being always 1:23.
Assay for phagocytic function of RES. A 0.2-ml portion of PBS containing MDP was divided into two equal parts, and each aliquot was injected intravenously and intraperitoneally almost simultaneously. Twenty-four hours later, the phagocytic function of RES was determined by measuring the rate of clearance of carbon particles (C11/1431a; Gunther Wagner, Hanover, Germany) from the blood stream according to the method of Biozzi et al. (4) . Carbon suspensions (16 mg/ml) at the rate of 1 ml per 100 g of body weight were injected intravenously, and 0.03-ml blood samples were removed from the retro-orbital venous plexus 2, 4, 6, 8, and 10 min later. The blood samples were hemolyzed in 3.5 ml of 0.1% Na2CO3, and the concentrations of carbon particles were determined by a Hitachi spectrophotometer with a red filter. The phagocytic index K was calculated from the slope of the line obtained by plotting the density readings against time on a semilogarithmic scale.
The means and standard deviations of the mean were determined for K and were statistically analyzed using Student's t test.
RESULTS
Adjuvant activity of MDP. MDP has previously been found to act as a potent adjuvant in different systems (2, 10, 19, 31) . The present study confirmed this finding. The addition of MDP to the antigen hen egg albumin caused a significant elevation of antibody production in the female mice of all seven different strains tested (data not shown). No difference in antibody production was seen between PBS and saline as solvent. In the following experiments for adjuvant activity and RES stimulation, C3H mice, male and female, were used throughout, simply because mice of this strain were available in large numbers.
To know the dose-response relation, the antigen hen egg albumin and different doses of MDP were injected into the left hind footpads and antibody titers were measured. The minimum effective dose of MDP to express adjuvant effect was 0.1 ftg (Table 1) . Females showed a tendency to produce higher antibody titers than males when injected doses of MDP were small. Adjuvant activity of MDP analogs. A series of analogs of MDP at the dose of 100 ,ug was assayed for adjuvant activity (Table 2) . Essentially in confirmation of previous reports from different laboratories using different animals (1, 2, 7, 19, 31) , strict stereospecificity in the relationship of structure to activity was observed; very small changes in structure were able to cause large differences in activity.
RES stimulation by MDP. An increased rate of clearance of carbon particles injected intravenously under the stimulus of a chemical agent is usually considered to indicate the stimulation of macrophages lining RES by the chemical agent (3, 26) . Our previous study revealed that MDP stimulated RES of all the strains of mice tested (C3H, CF1, C57BL) to increase the phagocytic activity (30) . The effect of different doses bOne of the mice of this group showed antibody titer less than 3, whereas the titers of the rest of the mice were all 3. The former titer was made 1.5 for convenience to calculate the mean and standard deviation. of MDP on RES phagocytic function was investigated in the present study with C3H female mice. The phagocytic index was significantly increased when the injected amounts of MDP were more than 10 lag (P < 0.02) (Fig. 1) .
To determine kinetics of RES stimulation by MDP, 100 1Lg of MDP was injected and the carbon clearance test was performed sequentially after injection (Fig. 2) . The increase in the phagocytic index K was noticed at 3 h, became statistically significant at 6 h (P < 0.01), reached VOL. 24, 1979 Table 3 revealed the same structure activity relationship as that observed for the adjuvant activity. To compare the structure activity relationships for these two activities, the means of the data in Tables 2 and 3 are presented graphically in Fig. 3 . A parallelism between the active structure for adjuvant activity and that for RES-stimulating capacity is evident.
DISCUSSION
Many studies showed that adjuvant-active bacteria or their components could enhance the phagocytic function of the RES (6, 9, 13, 27, 28, 34) . However, from these studies one cannot know which structure is responsible for stimulation and whether the stimulation ofphagocytic function is related to adjuvant activity. For example, the phagocytosis-stimulating capacity of endotoxin was considered not to be related to its adjuvanticity (12) . The adjuvant effect observed during Listeria monocytogenes infection was found not to be associated with the presence of activated macrophages (22 (32) , therefore, presented the view that adjuvant activity of tubercle bacilli may be due to their hydrophobic nature easily phagocytizable by macrophages.
The use of MDP is advantageous, because it is a simple synthetic compound, soluble in water, not cytotoxic, and not antigenic, and a number of analogs are available. The present study revealed that (i) male and female mice reacted differently to some of the MDP analogs and to MDP at low doses and (ii) it was the same structure in MDP that was responsible both for its adjuvant activity and RES stimulation. Whereas MDP and its derivatives, 6-0-acetyl MDP and 6-0-stearoyl MDP, were all active as adjuvant in both sexes, and MDP analogs such as Mur-L-Ala-L-isoGln and Mur-L-Ala-D-isoAsn were inactive in both sexes, the two analogs Mur-L-Ala-D-Gln and Mur-L-Ser-D-IsoGln were only marginally active in males but very active in females. The former, Mur-L-Ala-D-Gln, was found to be inactive in female albino guinea pigs (19) and female WKA rats (31) , and the latter, Mur-L-Ser-D-isoGln, was found to be active in Swiss mice (7) (sex not indicated) and more active than MDP in female albino guinea pigs (18) . As to Mur-Gly-D-isoGln, Kotani et al. reported some fluctuating results concerning its adjuvant activity in female albino guinea pigs (18) , and Adam et al. found it much less active than MDP in Hartley guinea pigs (1) . In the present study it was inactive in males and marginally active in females. These structure-activity relationships for adjuvant activity including 6.4 ± 1.0 (7) 5.0 ± 1.4 (7) 6.4 ± 0.7 (6) 5.4 ± 0.9 (7) 7.0 ± 0.5 (6) 6.2 ± 0.9 (6) 8.4 + 1.8 (4) Mur-L-Ala-D-7.7 ± 1.1 (7) 7.0 ± 0.8 (7) 8.2 ± 1.7 (7) 8.5 ± 0.1 (6) 9.2 ± 1.8 (7) 9.6 ± 2.6 (5) -isoGln (MDP) (P < 0.05) (P < 0.02) (P < 0.05) (P < 0.001) (P < 0.02) (P < 0.02) Mur-L-Ala-D-Gln 6.6 ± 0.6 (5) --6.5 ± 0.7 (6) -
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